Cyclodextrin-modified micellar electrokinetic chromatography was applied successfully to the enantiomeric and isomeric separation of 7 commonly used pesticides (propiconazole, bioallethrin, fenpropathrin, phenothrin, bitertanol, triadimenol, and dimethomorph). Commercially available surfactants used alone or in combination with cyclodextrins were evaluated for separation of the enantiomers/isomers of the 7 pesticides. The enantiomers/isomers of the pesticides used in this study were baseline resolved with resolutions of ³1.5. The resolution was found to depend on the type of surfactant and cyclodextrin employed in the running buffer. In the case of propiconazole and dimethomorph, baseline resolution was also achieved by adding sodium cholate (a chiral surfactant) alone to the running buffer. Analysis of fortified water samples yielded recoveries ranging from 45 to 89% and method detection limits ranging from 0.18 to 2.1 ppb. The reported capillary electrophoresis methods are simple, rapid, and reproducible.
A bout 25% of compounds used in the agrochemical industry contain chiral centers and are produced and used as racemic mixtures (1) . These compounds usually show enantiomeric selectivity, with biological activity generally residing in only one of the enantiomers. For example, several pyrethroid insecticides have 2-8 enantiomers, with the biological activity residing in only one of the enantiomers. It was shown that the R ac S al stereoisomer of the pyrethroid fluvalinate is highly insecticidal, whereas the other isomers are much less biologically active (2) . This enantioselective phenomenon has important implications in the manufacture and use of chiral agrochemicals. Thus, separation and identification of the desired isomer is essential during the discovery of such compounds and also to support a product through development, registration, and production (quality assurance). A few liquid chromatography (LC) and gas chromatography (GC) methods have been reported for determination of chiral agrochemicals (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Recently capillary electrophoresis (CE) has emerged as a complementary technique to LC and GC for the separation of chiral compounds.
CE has been used extensively for separation of drug enantiomers , but only a handful of reports describe the use of CE for separation of chiral agrochemicals (38) (39) (40) . In this study, we investigated the use of 2 surfactants, sodium dodecyl sulfate (SDS) and sodium cholate, alone or in combination with cyclodextrins (CDs) for capillary electrophoretic separation of the enantiomers/isomers of 2 fungicides (propiconazole and dimethomorph) and 5 insecticides (bioallethrin, fenpropathrin, phenothrin, bitertanol, and triadimenol). The importance of parameters such as surfactant and CD type in optimizing resolution were investigated. To our knowledge, this is the first report describing the use of cyclodextrin-modified micellar electrokinetic chromatography (CD-MEKC) for separation of the 7 pesticide enantiomers/isomers used in this study. Gamma-cyclodextrin ((-CD) was obtained from Wako Pure Chemical Industries (Osaka, Japan). The fused silica column used for CE was obtained from Polymicro Technologies, (Phoenix, AZ).
Experimental

Apparatus
A Beckman P/ACE 2200 (Fullerton, CA) unit equipped with ultraviolet (UV) detector was used for CE analysis. The capillary used for separation was 50 µm id, housed in a cartridge configured for UV absorbance detection. The length of the capillary was 47 cm (40 cm to detector). Standard injections were made by using pressure injection (3.45 kPa) for 2 s, corresponding to an injection volume of approximately 2.0 nL. The separations were performed at 20EC, and the separation voltage was 20 kV. All operations of the P/ACE unit were controlled by an IBM personal computer with Beckman Gold software. At the beginning of each day, the capillary was rinsed with 0.1M NaOH for 10 min, followed by deionized water for 5 min and run buffer for 15 min. Before each standard injection, the capillary was rinsed for 2 min with 0.1M NaOH followed by 2 min with run buffer. At the end of each day, the capillary was rinsed with 0.1M NaOH for 10 min followed deionized water for 5 min. When the instrument was not in use, the electrodes were left immersed in deionized water.
Preparation of Buffers and Agrochemical Standards
The electrophoresis buffers for CD-MEKC were prepared by dissolving appropriate amounts of monosodium phosphate, SDS or sodium cholate, and CD in water and adjusting the pH with 0.1M NaOH. The buffers for micellar electrokinetic chromatography (MEKC) were prepared by dissolving appropriate amounts of monosodium phosphate and the surfactants (SDS or sodium cholate) in water and adjusting the pH with 0.1M NaOH. All buffers were filtered through a 0.45 µm filter before use.
The stock solutions of the agrochemicals were prepared in methanol at a concentration of 1 mg/mL. Working standards were prepared by making a 1 to 10 dilution of the stock solution in methanol to obtain a concentration of 100 µg/mL. This working standard was used directly for CE determination. The stock and working standards were stored in the dark at -20EC. 
Water Fortification and Extraction
Deionized and lake water (Lake Raleigh, NC) were fortified by adding mixtures of pesticides dissolved in methanol to obtain concentrations of approximately 5 µg/L. The lake water was filtered through a 0.7 µm glass-fiber filter just before fortification. Water was extracted with a 6 mL/200 mg Oasis HLB solid-phase extraction cartridge (Waters Corp., Milford, MA). The column was conditioned sequentially with 3 mL methyl t-butyl ether (MTBE), 3 mL methanol, and 3 mL deionized water. The water sample was brought to pH 3, and 250 mL water was loaded on the column, which was washed with 3 mL water-methanol (95 + 5) and eluted with 6 mL MTBE-methanol (90 + 10). The extract was brought to dryness with a gentle stream of nitrogen and dissolved in 20 µL methanol.
Results and Discussion
CD-MEKC, which uses CD together with surfactants, was originally developed for the separation of highly hydrophobic compounds, which are almost totally incorporated into the micelle and cannot be separated (41) . The addition of CD to the micellar solution changes the apparent distribution coefficients between the micelle and the nonmicellar phase, because CD can include hydrophobic compounds in its cavity and increase the apparent solubility of the aqueous phase. Because CD has enantioselectivity for various chiral compounds, CD-MEKC can be applied to the separation of chiral compounds (41) .
We used CD-MEKC employing a chiral surfactant (i.e., sodium cholate) plus a CD and an achiral surfactant (i.e., SDS) plus a CD for separation of 7 neutral pesticides. The structures of the investigated pesticides are shown in Figure 1 . Bioallethrin and fenpropathrin have one chiral center and therefore have one pair of enantiomers (42) . Propiconazole, bitertanol, and triadimenol have 2 chiral centers and therefore each compound has 4 enantiomers (43). Phenothrin has 2 geometrical isomers (i.e., cis and trans). The standard phenothrin we obtained consists of 21% cis and 78% trans isomers. Dimethomorph has 2 geometrical isomers, E and Z.
We evaluated a number of buffers for separation of the 7 pesticides. A 50 mM monosodium phosphate buffer, pH 7.0, was supplemented with 50 mM SDS as the micellar phase, with different CDs (10-15 mM concentration) . The resolution (R s ) of enantiomers/isomers was calculated by using the following equation (44):
where )t r is the difference in migration times and W is the peak width at the peak base. A resolution of 1.5 is considered as baseline resolution.
Separation of Pesticide Enantiomers/Isomers by Using an Achiral Surfactant Plus CD Several buffers were evaluated for the separation of the 7 pesticide enantiomers/isomers used in this study. The effect of buffer composition on the resolution of the pesticide enantiomers/isomers is shown in Table 1 . In the absence of CD in the buffer solution, all of the pesticide enantiomers/isomers coeluted. The addition of different CDs to the buffer solution gave varying levels of resolution of the 7 pesticide enantiomers/isomers. For example, propiconazole diastereoisomers were baseline resolved by using DM-$-CD and TM-$-CD. Bioallethrin and fenpropathrin enantiomers were baseline resolved by using DM-$-CD and (-CD, respectively. Dimethomorph isomers were baseline resolved by using TM-$-CD, HP-(-CD, and (-CD. Although (-CD gave baseline resolution for dimethomorph isomers, the peak shape was poor and band broadening occurred. The cis and trans isomers of phenothrin could not be baseline resolved by using the buffer combinations shown in Table 1 . Bitertanol and triadimenol are made up of a mixture of 2 stereoisomeric enantiomer pairs (i.e., each has 4 enantiomers). The 2 diastereoisomers of bitertanol and triadimenol could be separated; however, complete separation of all 4 enantiomers was not achieved. Figures 2-5 show the baseline resolution of the propiconazole diastereoisomers, bioallethrin enantiomers, dimethomorph isomers (E, Z), and triadimenol diastereoisomers, respectively.
Separation of Pesticide Enantiomers/Isomers by Using a Chiral Surfactant Plus CD
We examined the addition of CDs to buffer solutions containing a chiral surfactant (sodium cholate) to determine if the selectivity toward the pesticide enantiomers/isomers is altered. The use of chiral surfactants in CE was first demonstrated by Cole et al. (45) . The effect of the addition of different CDs to buffers containing sodium cholate on the resolution of the pesticide enantiomers/isomers is shown in Table 2 . Buffers consisting of sodium cholate alone gave baseline resolution for propiconazole diastereoisomers and SHEA ET AL.: JOURNAL OF AOAC INTERNATIONAL VOL. 82, NO. 6, 1999 1555 dimethomorph isomers. We previously reported the separation of propiconazole isomers, using sodium cholate (46) . The enantiomers/isomers of the other 5 pesticides were not resolved by using this buffer solution. The addition of CDs to the buffer solution containing sodium cholate also gave varying levels of resolution between the pesticide enantiomers/isomers. The addition of CDs to the above buffer solution was particularly useful for separating the cis/trans isomers of phenothrin (R s = 1.5; Figure 6 ). Also, the enantiomers of fenpropathrin were separated in less than 6 min when the running buffer was supplemented with sodium cholate and DM-$-CD (Figure 7 ). In addition, separation of all 4 enantiomers of bitertanol was achieved by adding 15 mM TM-$-CD to the buffer solution containing sodium cholate (Figure 8 ).
Both cavity size and hydrogen bonding and/or hydrophobic interactions at the larger lip of the truncated CDs may play a role in complexation with the pesticides used in this study (47) (48) (49) (50) (51) (52) (53) . The general principles of chiral recognition by CDs are well known. Chiral recognition occurs because of the selective complexation of the enantiomers with the CD. Because the enantioselective complexation is enhanced with stabilized inclusion of the hydrophobic part of the analyte in the CD cavity, poor or no separation will occur if the cavity is too large (loose inclusion complexation) or too small (no inclusion complexation; 49). The exact mechanism of interaction of our test solutes with the different CDs is not known at this point. Nuclear magnetic resonance experiments will have to be conducted to fully understand the actual interaction of the pesticides used in this study with the different CDs.
Our approach to chiral CE method development was to use different CDs in the run buffer (each buffer containing one type of CD) for quickly screening the test solutes. The dif- ferent buffers were placed in the autosampler, and each pesticide was determined by using all the different buffer solutions. After the analysis was complete, the appropriate CD type was usually identified in conjunction with the suitable pH for each of the pesticides. Once the initial parameters have been identified, one can vary other CE parameters such as voltage and temperature to influence the separation efficiency, thereby increasing the existing chiral resolution.
Our results show that CE can be successfully applied to the separation of pesticide enantiomers and isomers. Enantiomeric and isomeric separations of 7 commonly used pesticides with varied molecular structures were performed successfully by CD-MEKC. The resolution was found to depend on the CD type and type of surfactant.
Analytical Performance and Analysis of Fortified Water Samples
The primary purpose of this study was to demonstrate the enantiomeric separation of some commonly used chiral pesticides. The utility of this method for various applications will depend on the analytical performance of the method. The reproducibility of the separation and the detector response was very good. When standards were injected, standard deviations of migration times ranged from 0.01 to 0.02 min within 1 day Tables 1 and 2 ). and from 0.07 to 0.12 min between days. Relative standard deviations of peak areas ranged from 1 to 2% within 1 day and from 4 to 6% between days. The limit of detection, defined by signal-to-noise ratio (S/N) = 3, for standards ranged from 5 to 15 µg/mL or about 10 to 50 pg injected. Thus, the separations reported here should be suitable for product purity analysis of chiral pesticides, especially if a photodiode array detector is used, providing a valuable tool for chiral pesticide product development and production.
To provide an assessment of analytical performance and applicability of this method to environmental samples, we fortified deionized water and lake water with pesticides, extracted the water, and analyzed the extracts by using conditions suitable for baseline resolution of enantiomers (Tables 1  and 2 ). A summary of the performance of these methods is shown in Table 3 . All of the recoveries were within a range acceptable for regulatory applications (45-89%). The method detection limits (MDLs) were slightly higher for lake water than for deionized water and were all near 1 ppb. These MDLs are similar to those reported elsewhere for CE with UV detection and concentration of the sample by a factor of 10 000 or more. Larger sample volumes (we used only 250 mL) and/or more sensitive UV detectors or longer cell pathlengths would provide routine detection below 1 ppb. The MDLs for water reported here are substantially higher than those for LC or GC methods, but they are close to or lower than those required for many regulatory applications, including product registration.
